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manufacturer and is shown in Fig. 2. Starting with the intake 
of an order, the process takes 10-16 weeks depending on the 
complexity of the carrier and the volume of the order. As the 
first step the design process is performed in order to create a 
rotor blade specific carrier including special demands of the 
customer. 
The sourcing process starts after the first features have been 
fixed. Pre-production, welding processes and assembly are 
conducted afterwards. The application of a surface protection 
is necessary to meet the requirements towards durability of 
the RBC especially for sea transportation.  
From each separate RBC design project certain findings 
and experiences can be deduced as lessons learned and 
consequently provide help for comparable future orders. 
Nonetheless, a big amount of work that goes into the design 
phase is spend on recurring tasks and the assembly processes 
are, due to differences in design, dimension and quantity, not 
suitable for standardisation approaches.  
It became visible during a process analysis, that the 
products as well as the process steps from different projects 
show many similarities, that have not been visible as each 
RBC type is handled as an individual product with individual 
design. To make use of these similarities and to improve the 
design efforts and assembly efficiency the concept of product 
modularisation has been applied on RBC in a cooperation 
project with a special purpose machine manufacturer and is 
presented in this paper. By using the modularisation approach 
it is possible to transfer big amounts of repeated design efforts 
into a one-time design project and to separate standardised 
production and assembly processes from order specific 
efforts.
2. Modularisation 
Modularisation is a concept that allows the configuration 
of different product variants using components from a limited 
set of modules [2]. This concept is generally based on the 
segmentation of a system into different subsystems, that each 
fulfill a designated function [3]. It can be distinguished 
between basic functions, supporting functions, special 
functions and order specific functions [4]. Combining the 
different modules and their functions into a working product 
requires the connection of the modules using interfaces. Their 
design is essential for the success of a modular product [5], as 
forces, working fluids or information have to be transferred 
securely.
A common approach for the realisation of product 
modularisation is to use manufacturer construction sets. The 
advantages for the manufacturer are for example: 
x Quotations, project plans and designs can be based on 
existing material, as most of the effort for creation is 
performed in a one-time-process upfront.  
x Order or customer specific design efforts are only 
required for special design features which were not 
planned during construction or for very few customer 
specific modules.  
x It is possible to extend the construction set with 
additional elements, that are not integrated into the set.  
x Preparation processes, pre-assembly and scheduling of 
the production becomes easier when the products are 
well-known.  
x Order processing in design and production can be 
speeded up using parallelisation approaches. The 
delivery readiness  can be improved. [4] 
x Scale effects can be incorporated. [6] 
On the other hand, modularisation causes costs for the 
more complex development and design process and for 
overdimensioning of modules in order to be able to create 
different variants from the construction set [7]. 
Modularisation projects have been successfully conducted 
over a long time frame with different approaches [8] and in 
different industries. An example for modular steel 
construction products are guardrails for road traffic [9]. Even 
though approaches for modular load carriers are known [10] 
RBC have not yet been modularised.  
3. Modular design of  rotor blade carriers 
The modular design of RBC is based on the analysis of 
different wind energy systems, their rotor blades and the 
related carrier designs. The results show an increase in  power 
output of the energy systems as well as in length and in 
weight of the rotor blades. Consequently, the carrier designs 
need to be adapted to different influencing factors. A certain 
range of different varying factors has to be covered by the 
construction set.  
3.1. Requirement specification and covered range of rotor 
blades for modular RBC 
The requirement specification is based on a survey with 
more than ten companies from the wind energy and logistics 
sector to ensure the applicability of the modular concept for 
the future use with rotor blades. The most important 
requirements will be highlighted in the following:  
x Basic functions: The RBC are supposed to be used for 
non-damaging and secure lifting and transportation of 
the rotor blades by road and sea. In addition, the RBC 
must be stackable threefold while containing a rotor 
blade for storage on land and transportation on a ship.  
x Form of the RBC: The construction set is supposed to 
be used for the configuration of three-dimensional tip 
and root carriers and two-dimensional root carriers.  
x Normative requirements: Guidelines and standards for 
road and sea transportation, constructional steelwork 
and  lifting guidelines have to be followed in order to 
be allowed to use the modular RBC on public roads or 
for sea transportation. 
Fig. 2. Simplified illustration of the process chain for a conventional  RBC 
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Besides the core requirements towards RBC, the covered 
ranges of different influencing factors for the configurable 
modular variants are defined. These factors include length, 
height, weight, fitting dimensions, deflection and the 
predefined transport orientation of different rotor blades. The 
rotor blades which are considered for transportation in the 
modular RBC differ in length from 20m to more than 70m 
and weigh from below 5t up to 40t. The weight of the rotor 
blade is distributed unequally between tip and root carrier, as 
the root carrier usually carries up to 65% of the load.  Fig. 3 
shows two exemplary sketches of two rotor blades which can 
be transported with RBC from the modular set and some of 
their characteristics.  
To avoid the negative consequences of overdimensioning 
the RBC, the modular concept is divided into five different 
classes that each cover a certain range of rotor blades in terms 
of size and weight. The classification scheme is oriented at 
influencing factors to avoid difficulties in transportation on 
different traffic ways. These natural class borders are for 
example the maximum width of load which can be transported 
on a trailer without applying for a permission or the maximum 
height for standard trailers to be able to pass under bridges. 
The smallest RBC class A is especially useful for 
transportation of blades from already installed wind energy 
systems when repowering operations take place and the 
smaller blades are exchanged. The classes B and C are mainly 
used for small and medium on-shore blades, D for large on-
shore and small to medium off-shore blades and class E for 
upcoming off-shore blades with a length of more than 80m. 
Class E is oriented on expected future demands and due to the 
height of the RBC and rotor blade not suitable for road 
transportation. 
3.2. Segmentation of modules for rotor blade carriers 
Compared to other modular products, the modular RBC is 
not only based on a division, that separates the modules 
mainly by function, but on the described geometrical division 
into different classes. As the RBC are purely mechanical 
systems that are dealing with forces and momentums, there is 
no need for transfer of information, data or working fluids. 
Consequently, the separation into modules is based on factors 
coming from the mechanical design which allows different 
options to place the parting planes. Those options have 
characteristic advantages and drawbacks in terms of the 
requirements fulfillment.  
The different options to place the parting planes as shown 
in Fig. 4 have been analysed using 3D-printed models on a 
scale of 1:20. With the help of these models it was possible to 
try different combinations of modules and to uncover risks 
like the induced clearance.  
The varying geometric dimensions of the RBC are height, 
width and depth. While height and width are depending on the 
size of the rotor blade, the depth of the three dimensional 
RBC is freely variable. The main function of the depth 
measurement is to ensure stability when standing upright with 
or without an attached rotor blade. The definition of a 
standardized depth does not restrict the flexibility in terms of 
configuration for different rotor blades. Consequently, placing 
the parting plane as it is shown in Fig. 4a in order to allow 
variable RBC depth does not support the modular structure.  
The second option as shown in Fig. 4b is to build 
standardised corner elements and combining them with 
connection modules of different lengths to realise variable 
height and width measurements. This raises the problem of 
interfaces in direction of the main load and perpendicular to 
the main load, which results in insufficient stability and 
relative movements within the RBC causing stress in the 
attached rotor blade. In addition, the necessary attachment of 
stabilising strutting elements increases the assembly efforts.  
The third option (Fig. 4c) is to place the parting plane 
horizontally through the RBC. This would allow stacking of 
modules to increase the height of the RBC. The horizontal 
extension of the carrier is problematic, as the required 
interfaces could possibly induce clearance and therefore cause 
tension in the attached rotor blade.  
The fourth option is to divide the carrier into side modules 
and intermediate modules. This approach allows stackable 
carriers, variation in height by using different side modules 
and it avoids tension in the attached rotor blade, as no 
interface induces clearance in the relevant parts. Due to the 
described advantages and characteristics the parting planes are 
placed vertically as shown in Fig. 4d. An additional advantage 
of using the described concept for placing the parting planes 
vertically is that stacking of carriers is possible as well as the 
division of a carrier. This allows to design smaller side 
modules that fit into a standard container for transportation 
Fig. 3. Varying factors of rotor blades considered for the modular concept
Fig. 4. Placement options of parting planes for modularisation of rotor blade 
carrier
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and optimises the handling of the carrier. This results in a 
modular concept with the following types of modules:  
x Side modules: The side modules are designed to carry 
the main load and are available in different heights for 
each class to allow the design of the smallest possible 
RBC for different weights.  
x Intermediate modules: The main purpose of the 
intermediate modules is to connect the side modules 
and ensure a stable positioning.  
x Stabilisation modules: Especially in the three-
dimensional root carrier the forces of the different load 
cases require additional bracing of the carrier.  
x Load attachment modules: While side and 
intermediate modules are building the frame of the 
RBC, the rotor blade is attached to order specific 
modules, that offer specific points for load application.  
x Complementary modules: These modules can be 
attached to the RBC to integrate certain functions 
demanded by a customer or to ensure the usability of 
the carrier. Ladders or work platforms belong into this 
category.
Fig. 5 shows the different modules on a root and tip carrier. 
3.3. Design of the module interface 
The realisation of a modular product concept requires 
interfaces for the connection of the different modules. These 
interfaces are important for the overall function of the product 
and fulfillment of the requirements as well as for assembly 
processes. To make use of scale effects in production and to 
limit design efforts a consistent mechanical interface, which 
can be used between all modules, has to be designed. 
The main features of the interface are flux of force, 
positioning, fixation against unintended loosening and joining 
directions. To ensure a systematic approach during design of 
different solution drafts, the process is supported using a 
morphological box. During this process 17 different 
approaches are considered, which are based on force fit, form 
fit or a combined effect of both principles. Firmly bonded 
connections are not considered, as the modular concept 
requires detachability of the modules .  
The selection of the interface design is based on a 
requirement specification, which has been mapped with the 
drafts. The most important requirements are explained in the 
following.  
x Force and torque absorption: As the RBC are highly 
relevant for safe transportation, there are mandatory 
regulations for different load cases, like the IMO for 
sea transportation.  
x Assembly: The modular concept allows the assembly 
of an RBC at the point of use. This can be the 
production site of the rotor blade or a harbour where 
the rotor blades are lifted on a ship. Therefore, only 
standardised and widely available tools are allowed for 
assembly to ensure the worldwide usability. In 
addition, the assembly must not require more than two 
lifting units and four persons. This leads to the 
exclusion of interface designs that require movements 
in multiple directions during joint processes.  
x Repeat accuracy: Design features of the interfaces are 
required, that help to ensure, that every time the 
modules are assembled, the positioning and orientation 
are precise.
x Corrosion resistance: The RBC are used for road and 
sea transportation. Due to the conditions during sea 
transportation an anticorrosive coating has to be 
applied on the modules as well as on the interfaces. 
Therefore, solutions where for example threads have 
to be cut after applying the coating are not suitable.  
The evaluation of the drafts and matching them with the 
requirements resulted in the decision for a design using two 
screws for the application of surface pressure in combination 
with a positioning cone that absorbs the shear forces. Fig. 6 
shows the interface as a model.  
3.4. Modular concept for rotor blade carriers 
The final modular concept is based on similarities on the 
modular and submodular level, which both allow the use of a  
carry-over parts strategy [11]. On the modular layer, modules 
can be used within the same class for the configuration of 
different carrier types. For example, side and intermediate 
modules are exchangeable between three-dimensional root 
and tip carriers. This reconfiguration is shown in Fig. 7.   
Fig. 6. (a) 3D printed interface model on a 1:3 scale (b) steel model on a 1:1 
scale for testing of production processes. 
Fig. 5. Different types of modules contained in the modular concept.
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Furthermore, the usage of modules across class borders is 
intended. This can be applied for example for side modules by 
using the unequal distribution of load between the two carriers 
of a set. As the root of a rotor blade is heavier than the tip the 
side modules are used close to their load limit. On the other 
hand there is a certain reserve for using the exact same 
modules in a higher load class in a tip carrier configuration. 
To realise this approach, an elaborate height and width 
concept is implemented, which adjusts the different 
configurable versions of modular RBC and aligns them across 
class borders.  
The submodular carry-over parts strategy focuses on the 
usage of consistent raw materials and pre-products and on 
using comparable designs of components between different 
modules to be able to standardise processes. As RBC are 
mainly made from cast steel pre-products, the selection of a 
list of preferred profiles has been conducted. The defined list 
aims to cover different load cases with profiles that show 
commonalities from the point of view of production. This 
offers two main advantages. Firstly, the quantity effect of 
using few different profiles for several use cases provides 
advantages in terms of price and predictability in sourcing 
processes. Secondly, selecting profiles with similar features 
like external dimensions allows the usage of consistent jigs 
and tools for the support of the manual production. The 
different load cases are covered by the profile wall 
thicknesses.  
The presented modular concept is therefore able to provide 
positive effects in production as well as during the usage-
period of the carrier.  
4. Implementation of the modular concept into production 
and assembly    
The previously described design process is the foundation 
for the restructuring and optimisation of the manufacturing  
and assembly processes. In addition, the production facilities 
can be reorganized to make use of the effects of the modular 
concept. The redesigned process for order handling, 
manufacturing and assembly of a modular RBC is depicted in 
Fig. 8 and is explained in the following.  
A core element of the process redesign is to shift repeated 
design efforts into a one-time design project. The designed 
modules represent the majority of parts that form a carrier. As 
an example, a three-dimensional modular tip carrier can be 
analysed. This carrier type consists of four side modules, four 
intermediate modules, one stabilisation module, a carrier beam 
and a rotor blade socket. Of these eleven main modules only 
the socket is an order specific part. Therefore, the design 
efforts that have to be performed for a specific order or rotor 
blade type are widely reduced compared to a conventional 
RBC design project. This results in a shorter time for the 
design process, reduced design costs per order and a reduced 
overall order processing time. In addition, the certification 
process for load carriers is expected to be easier, as the 
certification of the construction set is intended to avoid the 
certification for each RBC variant.  
Further actions are necessary for implementing the modular 
concepts. These are described in the following.  
Distinction between order specific processes and 
standardised, order unspecific processes 
As the modular concept contains different standardised 
parts that are used for different orders and carriers, methods of 
serial production become applicable. Therefore, a distinction 
between standard processes, which are necessary for the 
standard modules contained in every order, and order specific 
processes is introduced. Sourcing, manufacturing of standard 
submodules and modules and pre-assembly are now 
performed constantly in parallel to other work. As the 
different modules show commonalities in terms of design 
features, like measurements of the used steel cast profiles, the 
usage of consistent supporting devices, templates and facilities 
can be realised. Moreover, the overall similarity of modules of 
different classes makes it easy for the worker to learn the 
necessary steps for example in positioning and welding 
processes. In combination with the submodular commonality 
strategy the definition of standard parts and modules and their 
corresponding production processes allows building buffers 
between different production steps. This optimises the reaction 
time, once an order arrives and avoids stockpiling large  
amounts of finished modules at the same time. During times 
with a low order volume the order unspecific processes  
Fig. 8. Process chain for order handling, manufacturing and assembly of a modular rotor blade carrier
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are used to fill up the submodule and module buffer storage to 
a predefined level. The output level of the order unspecific  
processes is controlled by the input factors like manpower. 
Distinction between manufacturing and assembly processes 
The production of conventional RBC consists mainly of 
welding processes that have been artificially divided between 
manufacturing and assembly, while the contained work has 
been similar. The modular RBC allows the clear division 
between manufacturing, pre-assembly and assembly on the 
sub-modular, modular and product level. Performing the 
manufacturing and sub-assembly of modules off the main line 
has been identified as beneficial, i.e. by Erixon [11]. 
Manufacturing comprises processing raw materials or pre-
products into sub-modules, which can be buffered or directly 
transferred along the process chain. In a pre-assembly 
process, these parts are put together as standard modules, 
which are not yet adapted to the corresponding order, as 
manufacturing and pre-assembly are both order unspecific. 
The final assembly is an order specific process, as the 
modules can be refined with attachments adapted to the 
customer demands. Once these additional elements are 
integrated, the module assembly is completed and the 
protective coating can be applied.
Integration of customer specific modules in final assembly 
As there is no possibility to design the customer specific 
modules without detailed knowledge about the specific 
product, the previously described standard process for module 
production and assembly does not include the costumer 
specific modules. After the configuration process using the 
construction set, the customer specific modules are designed 
and produced using the conventional process. After producing 
these modules, the required protective coating is applied as 
well. The standard modules and the customer specific modules 
are joined in the final assembly process. Due to the design 
rules for all parts of the modular RBC and the designed 
interface, no further welding processes are required, as the 
modules are screwed together.  
5. Results 
The research project has shown, that it is possible to apply 
the concept of modularisation on RBC at a special purpose 
machine manufacturer to make use of the specific advantages 
of modular products. Analyses have shown that module 
classification supports standardisation of processes while 
being able to offer RBC for a wide application range. On the 
customer side, the modular concept allows the reuse of rotor 
blade carriers with only little effort to adapt the carriers to a 
different type of rotor blade. As the expected and usual life 
span of a rotor blade from installation to removal from a wind 
energy system is around 20 years [12], this avoids long term 
storage and capital lockup for the customer. The high 
flexibility of the concept is especially promising for 
repowering activities. In addition, the scale effects and the 
learning curve created in serial production can be 
advantageous for the customer in terms of price and delivery 
readiness. The producer of modular RBC is profiting from the  
standardisation of production processes, as this increases the 
predictability in terms of capacity and possible bottlenecks. 
Those bottlenecks can be faced by optimising material flows 
and enhancing capacity at critical points. In addition, the 
support for the shop floor workers can be improved by 
reducing complexity and integrating consistent tools and jigs 
into the work flow. Learning curve effects are expected to 
further improve the production and assembly time. The 
implementation of the developed process chain, as it is shown 
in Fig. 8, will be the next step and will help to offer carriers 
that meet the customers needs and increase the flexibility, 
while the complexity is reduced as the producer deals with 
well known modules. As only few parts of a modular RBC are 
customer specific, the design efforts are reduced and speeded 
up. These effects are expected to reduce the overall time for 
order processing from order income to product delivery. The 
measurement of these effects will be part of futures analyses.  
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